INTRODUCTION
Cell movements and tissue shaping are crucial to embryonic development. Important morphogenetic processes, such as axis formation, neurulation, craniofacial development, and cardiovascular development rely on cells to assemble into three-dimensional structures. Unfortunately, defects in tissue shaping or cell migration often lead to congenital malformations of these systems (1) . To shed light on the cellular mechanisms that drive morphogenesis, single-color cell labeling techniques and imaging have combined to provide data on cell shape changes and global cell movements (2) (3) (4) (5) . However, there is still relatively little known about the molecular mechanisms underlying cell shape changes and cell movements. Clearly, there is a need to link the dynamics of proteins to cell labeling utilize only one-or two-color schemes and conventional imaging methods. Most of these types of applications utilize FPs under the regulation of a specific promoter and have included innovative embryo culture techniques to follow cell movements in time (9) (10) (11) . Multilabeled cell coloring schemes benefit from imaging spectroscopy, a new technique to unambiguously identify various FPs (12) . With this approach, a liquid crystal tunable filter is used to collect the emission spectrum of each pixel within an image collected by a confocal or two-photon laser scanning microscope (CLSM or TPLSM). Based on the fluorescence emission spectra, linear unmixing analysis algorithms are used to identify the relative amounts of the FPs expressed in the cells. This approach has been utilized on living cells to concurrently image RESEARCH REPORT multicolored spectrally overlapping marker proteins within living cells (12) . The initial technique has been extended to multiphoton microscopy and multispectral imaging (META) offering more flexibility for imaging deep within a sample and performing excitation and emission fingerprinting (13) . Within intact embryo systems, there are currently several systems that have reported using a multispectral approach to visualize individual cell components, including the zebrafish (14) , Caenorhabditis elegans (15) , Drosophila (16) , and mouse (17) .
Here we report the delivery and molecular imaging of up to four different fluorescent markers targeted to specific, distinct cytoskeletal elements in cells within living chick embryos. We utilize a set of 11 new DNA constructs engineered to localize to specific cellular components (plasma membrane, nucleus, mitochondria, actin, and tubulin) in a variety of fluorescent protein mutants (EGFP, ECFP, mRFP, and EYFP). We can efficiently detect individual signals in a multilabeled neural crest cell and produce images that display each construct simultaneously, without appreciable bleed-through between spectra. We demonstrate applicability of multicolor labeling to neural crest cells, a multipotent highly migratory subpopulation of cells. We show that 10% of neural crest cells in a typical chick embryo can be four-color labeled. We anticipate a wide application of multicolor FP cell labeling technology to study intracellular dynamics and detail a more comprehensive picture of cell-cell interactions and intracellular dynamics during morphogenetic events.
MATERIALS AND METHODS

Embryos
Fertile White Leghorn chick eggs were acquired from a local supplier (Ozark Hatchery, Neosho, MO, USA) and incubated at 38°C until approximately the 6-9 somite stage (ss) of development. The egg shells were rinsed with 70% alcohol, and 3 mL albumin were removed using an 18 gauge syringe (VWR, West Chester, PA, USA) prior to cutting a window in the shell. A solution of 10% Pelikan Fount India Ink in Howard Ringer's solution was injected below the blastodisc to visualize the embryos. Embryos were staged according to the criteria of Hamburger and Hamilton (18) , denoted as stage 10, for example; in other cases, the embryos were staged by their number of somites, denoted as 10 ss.
Delivery of Fusion Protein Constructs Into Cells In Vivo
After removing a small piece of the vitelline membrane with a tungsten needle, multiple fluorescent protein constructs (up 
Injection Sites and Timing of Expression
In order to visualize intracellular dynamics in migrating cells, we chose to label neural crest cells. Microinjection and electroporation delivery of the FP constructs were carried out in the lumen of the neural tube, at the cranial level. This labeled cells within the neural tube and emerging neural crest cells. The neural crest are a migratory subpopulation of cells that arise from the dorsal neural tube and invade the periphery. The cells migrate along a dorsolateral pathway just underneath the surface ectoderm and thus are visually accessible by light microscopy. Cells within the neural tube and neural crest cells began to show expression as early as 5 h postelectroporation. Embryos selected for imaging were evaluated at an average of 18 h after electroporation in order to capture neural crest cells along the cell migratory routes and near the destination branchial arches.
Generation of Fluorescent Protein Expression Vectors
The fluorescent protein expression constructs that we used in our embryo electroporation studies can also be used to generate retroviruses that express fluorescent proteins. The generation of LZRS-CA.EGFP, LZRS-CA-H2B. EGFP, and LZRS-CA-gapEGFP constructs have been previously described (7) . Briefly, the various fluorescent proteins are driven by a cytomegalovirus enhancer and β-actin promoter (CA) (19) . Expression vector system based on the chicken β-actin promoter directs efficient production of interleukin-5 (19) , located in the 11.2-kb LZRS retroviral vector backbone (20) . EYFP-actin, EGFP-actin, EYFPtublin, EGFP-tubulin, ECFP-mito, and EYFP-mito were isolated from vectors obtained from BD Biosciences Clontech (Mountain View, CA, USA) and subcloned into a Sal1 or Not1 site of pLZRS.CA. The human histone 2B-containing constructs were generated by subcloning ECFP or EYFP (obtained from BD Biosciences Clontech) into pH2B-GFP (kindly provided by G. Wahl, Salk Institute, San Diego, CA) (21) and then subcloning into pLZRS-CA. The pCS-membranemRFP1 construct (kind gift from Sean Megason, California Institute of Technology, Pasadena, CA) (22) was generated from an original mRFP construct (from R. Tsien, Howard Hughes Medical Institute, UCSD, San Diego, CA). Cloning details, sequence information, and the FP constructs are available upon request.
Static Imaging
Whole embryo explant cultures were prepared according to the method described in Kulesa and Fraser (23) . Briefly, embryos were removed from the egg by placing an oval ring of Whatman #1 filter paper (Whatman, Florham Park, NJ, USA) around the circumference of the embryo and then cutting around the outer edges of the ring. The ring with the embryo attached was placed in Ringer's solution for rinsing. The paper rings are a p p r o x i m a t e l y 1.5 cm along the major axis, with holes wide enough to provide ample space between the inner side of the rings and the embryos. This method leaves the entire embryo, as well as the surrounding blastoderm, intact. The excised embryos were cleansed of yolk platelets and India ink by gently pipeting Ringer's solution across them with a P-200 Pipetman ® (Rainin Instrument, Oakland, CA, USA).
For static imaging, individual embryos were removed from the egg with paper rings, cleansed in Ringer's solution, and placed dorsal side up within a thin ring of high vacuum grease (Dow Corning, Midland, MI, USA) on 22 × 75 mm microslides (VWR). The embryo did not come in contact with the vacuum grease. A small amount of Ringer's solution was pipeted away from the embryo, and the embryo positioning was adjusted with forceps. A 22 × 22 mm glass coverslip (VWR) was placed on top of the ring of grease creating a sealed humidified chamber. The embryos were then imaged using the Zeiss LSM 510 META microscope (Carl Zeiss, Thornwood, NY, USA) and a wide range of objectives.
Time-Lapse Confocal Imaging
For short-term (<5h), highresolution (>20×), in vivo time-lapse imaging, embryos were mounted directly dorsal side down into glass bottom microwell dishes (MatTek Corporation, Ashland, MA, USA). An embryo's blastoderm was spread out using fine forceps. Excess Ringer's was removed to stabilize the embryo while maintaining its three-dimensional (3-D) morphology. Once positioned, a Teflon ® membrane ring was sealed on top of the embryo with a bead of silicone grease. The membrane is designed to protect the embryo from foreign objects while allowing gas exchange. The membrane ring was made from a Teflon membrane (YSI Incorporated, Yellow Springs, OH, USA) stretched over a plastic ring [outer diameter (od) = 1 inch, inner diameter (id) = 7/8 inch] and sealed in place using beeswax.
A single dish was placed on a heating plate (Lyon Electric, Chula Vista, CA, USA) kept at 38°C using a temperature controller (BC-100 Cell Temp Bionomic System ® Controller; 20/20 Technology, Wilmington, NC, RESEARCH REPORT USA). A heat sink compound (276-1372A; RadioShack, Fort Worth, TX, USA) was spread on the heating plate prior to the microwell dish placement to help heat convection to the plastic dish and its contents. Imaging was performed on a LSM 510 META single photon confocal microscope using a 40× (NA = 0.75) plan-neofluar or 40× C-Apochromat W objective (Carl Zeiss). Images were recorded every 1-5 min and analyzed using the AIM software (Carl Zeiss).
Multispectral Imaging and Emission Fingerprinting
Images were produced with a confocal laser scanning inverted microscope (LSM 510 META NLO; Carl Zeiss). We utilized the multitrack system for image collection. A specific filter, laser, and dichoric mirror setting was created for each of the four different flurophores, which were used simultaneously on the multitrack setting (see Supplemental Figure S1 , A, available online at www.BioTechniques.com). The multitrack function takes a single track scan exciting each fluorophore, then changes filters and laser wavelength to take the next single track image of the remaining fluorophores. The resulting number of excitation scans depends on the number of fluorophores to be detected per image. Although the multitrack setting results in a longer image acquisition time, it reduces crosstalk between emission spectra because it scans one excitation wavelength at a time versus scanning all excitation wavelengths at the same time.
We took advantage of the META software (linear unmixing) to reduce the bleed-through to other spectra and to prove there was no bleed-through with our fluophores. Briefly, linear unmixing calculates the best fit (using a least-squares approach) of the emission spectra of the sample to a library of known functions. The computer then assigns a mathematical function to the sample as a combination of library functions, separates signals that may have emissions very near each other, and assigns a particular color to a pixel. The software is then able to extract any information that does not coincide with particular signal fingerprints. This process is carried out through every pixel in the acquired image, resulting in an accurate mathematical representation of individual signal influence in each pixel.
The fluorophores were scanned separately and overlaid automatically using the AIM software. The 40× water objective (NA = 1.2; Carl Zeiss) proved to be the most effective for high-resolution images of cells within embryos mounted in Ringer's solution due to the small differential of refractive indices of the two media.
Data Analysis
Four-dimensional (4-D) confocal image stacks were manipulated for analysis using ImageJ [National Institutes of Health (NIH)] and AIM.
RESULTS
Our primary objectives were to fluorescently mark several distinct cytoskeletal elements in individual cells within living chick embryos and optimize a set of multispectral, 4-D confocal imaging parameters to follow cell intracellular dynamics. To do this, we mixed and microinjected a cocktail of fluorescent protein constructs (up to four) by a glass needle into young chick embryo neural tubes. We chose to microinject into the lumen of the rostral neural tube in order to label premigratory cranial neural crest A typical chick embryo was injected with a cocktail of fluorescent protein (FP) constructs expressing Gap43-EGFP, H2B-mRFP, ECFP-mito, and EYFP-tubulin and reincubated for 15 h. The color scheme has been changed on the left hand side to bring out the detail of each cell structure; gap43 is blue, tubulin is red, H2B is green, and mito is yellow. Selected images taken from a typical 40× time-lapse confocal imaging session show a retraction of a filopodium and an extension of a lamellipodium in four-color imaging. Throughout the whole time-lapse there is a shift in the distribution of the mitochondria throughout all of the cells. At t = 0 min, there is a large filopodium extended from the green cell (arrowhead) and there is little contact between the green and blue cells (arrow) and the orange cell (star). At t = 67 min, the filopodium has slightly retracted toward the cell body in the green cell (arrowhead), while there is an increase of cell contact between the blue and green cells (arrow) and the orange cell (star). At t = 91 min, the cell contact between the blue and green cells has increased and the cells are in full contact (arrow), while the green cell remains in contact with the orange cell (star). At t = 165 min, the green cell has completely retracted its filopodium (arrowhead) and it has moved its cell body in the direction of the orange cell while still contacting the blue cell. EGFP, enhanced green fluorescent protein; mRFP, monomeric red fluorescent protein; ECFP, enhanced cyan fluorescent protein; EYFP, enhanced yellow fluorescent protein.
cells (Figure 1 ). The accessibility of the rostral neural tube to manipulation and electroporation provided a means to visualize our injection sites and deliver the constructs into cells. The accessibility of the cranial neural crest cell migratory pathways to confocal imaging allowed us to distinguish individual cell movements. To visualize individual cell intracellular dynamics with high-resolution optics, we adapted a previous whole embryo culture technique. Below, we present our results of optimizing the cell labeling and imaging parameters for multispectral 4-D confocal imaging of cranial neural crest cell cytoskeletal dynamics in living chick embryos. Gap43 is a growth-associated protein that labels in high levels in the membrane.
Gap43-EGFP + EYFP-actin ++ The EYFP and EGFP are hard to filter emission spectra especially when they are labeling similar structures.
Gap43-EGFP + EYFP-tubulin ++ The EYFP and EGFP are hard to filter emission spectra, especially when they are labeling similar structures.
H2B labels the histone which is associated with the chromosomes in the nucleus. Gap43-EGFP + ECFP-H2B ++++ The constructs label distinct different structures so it is easily separated.
Mito labels the mitochondria in the cell. EGFP-actin + H2B-mRFP +++ The EGFP-actin is not as bright as Gap43-EGFP.
Lck membrane co-localizes in glycolipid-enriched membrane.
EGFP-actin + ECFP-H2B +++ The EGFP-actin is not as bright as Gap43-EGFP.
EGFP-tubulin + H2B-mRFP +++ The EGFP-tubulin is not as bright as Gap43-EGFP.
EGFP-tubulin + ECFP-H2B +++ The EGFP-tubulin is not as bright as Gap43-EGFP.
EGFP-actin + EYFP-tubulin + The EYFP and EGFP are difficult to filter emission spectra especially when they are labeling similar structures.
Three-Color
Gap43-EGFP + H2B-mRFP + ECFP-mito ++++ Very successful combination because it labels different structures and there is minimal bleed-through.
Gap43-EGFP + H2B-mRFP + EYFP-actin ++ The EYFP and EGFP are hard to filter emission spectra, especially when they are labeling similar structures.
Gap43-EGFP + H2B-mRFP + EYFP-tubulin ++ The EYFP and EGFP are hard to filter emission spectra, especially when they are labeling similar structures.
EGFP-actin + mRFP-Lck membrane + ECFP-H2B ++ The Lck membrane does not label cells as well as gap43 membrane.
EGFP-tubulin + mRFP-Lck membrane + ECFP-H2B ++ The Lck membrane does not label cells as well as gap43 membrane.
Four-Color
EGFP-actin + mRFP-Lck membrane + ECFP-H2B + EYFP-tubulin ++ It is challenging to separate all four colors.
Gap43-EGFP + H2B-mRFP + ECFP-mito + EYFP-tubulin ++ It is challenging to separate all four colors.
Gap43-EGFP + H2B-mRFP + EYFP-mito + ECFP-actin +++ The EYFP-mito was very bright.
EGFP, enhanced green fluorescent protein; mRFP, monomeric red fluorescent protein; EYFP, enhanced yellow fluorescent protein; ECFP, enhanced cyan fluorescent protein.
RESEARCH REPORT
Optimization of Multiple Fusion Protein Combinations
We tested a large number (n = 11) of FP constructs targeted to various cytoskeletal components (plasma membrane, actin, tubulin, nucleus, and mitochondria) and in multiple color combinations (ECFP, EYFP, mRFP, and EGFP) ( Table 1) . We analyzed a total of 16 different combinations: two-color (n = 8), three-color (n = 5), and fourcolor (n = 3) combinations. For most multicolor combinations, we found that labeling distinct and less-overlapping cytoskeletal elements, such as the nucleus and plasma membrane, were more visually distinguishable even with less bright FP constructs. We scored our set of constructs according to brightness and separation of signal ( Table 1) . Most of the two-color combinations of FPs had a good score; the combination of H2B-mRFP and Gap43-EGFP was especially bright, and the signals were easily distinguishable. When using more than two FP constructs simultaneously, we found that it was important to choose an effective color combination. For example, the best three-color combination was Gap43-EGFP, H2B-mRFP, and either EYFP-mito or ECFPmito. The best four-color combination involved Gap43-EGFP, H2B-mRFP, ECFP-actin, and EYFP-mito.
DISCUSSION
The Number of Multiple-Labeled Cells Depends on the Number of Injected Constructs
To determine the expected number of fluorescently labeled cells incorporating multiple constructs in a typical embryo, we analyzed the distribution of expression in one-, two-, three-, and four-color labeled cells. After injection of a cocktail of FPs into the lumen of the neural tube and egg reincubation, we surveyed fluorescently labeled cells (n = 12 embryos; n = 2397 cells). We determined that the distribution of multicolor labeled cells in a typical embryo follows an exponentially decreasing curve as a function of the number of FPs delivered per cell (Figure 2 ). For example, we find that the number of single-color labeled neural crest cells was 50% of the total number of fluorescently labeled cells. The number of multicolor labeled cells decreases, such that the number of twocolor labeled cells is 25%, the number of three-color labeled cells is 14%, and the number of four-color labeled cells is 10% of the total number of fluorescently labeled cells
Photostability of Multiple-Labeled Cells
We tested the photostability of multiple fluorophores within individual cells. To do this, we continuously scanned individual four-color labeled cells with a multitrack setting for up to 30 min. This resulted in 15 separate scans total. The mean fluorescence intensity was collected by selecting a region of interest around an individual cell at each time point in the imaging session ( Figure 2 ). We find that the fluorescence intensity decreases exponentially for consecutive excitation scans for each of the EGFP, mRFP, ECFP, and EYFP ( Figure 2 ). The ECFP fluorescence intensity curve decreases to only approximately 85%. This is perhaps due to the fact that the excitation of ECFP was performed with a laser (458 nm) not optimized for peak excitation of ECFP, which is 430 nm. Another issue we had with the ECFP was the possible bleaching and damage to the health of the embryo. In our experiments, we took many precautions to make sure the health of the embryo was not jeopardized; the time-lapses did not run longer than 3 h, the laser line was at approximately 50%, and we did not use UV to excite our ECFP. Since the embryo and cells appeared healthy after the time-lapses, and it is known that the power emitted from fluorescent light is very weak, we were not concerned with the health of our embryos deteriorating due to the ECFP.
Optimizing Imaging Parameters for Multispectral, 4-D Confocal Imaging
We analyzed various imaging parameters to determine an optimal strategy for multispectral 4-D (3-D + time) confocal imaging. The acquisition time to acquire a multicolor image depends on four intrinsic parameters in the acquisition software. These include multitrack, scan speed, number of frame averages, and frame size in pixels. We find that for four-color imaging, it may take between 18 s and 2 min to complete a single four-color image. The most important aspect for collecting our images was minimizing bleed-through. Therefore, it was very important that we collected the images with multitrack scanning. Although this increased the image acquisition time, it was necessary to obtain an image with less crosstalk. It was equally important that we verified that the EGFP and EYFP were separated correctly using the META. Using the λ mode, we showed two different spectra for the separate flurophores. Then we showed that the images acquired had both fluorophores present in separate regions of the cell (see Supplemental Figure S1 , B and C).
We find that a practical set of parameters for time-lapse experiments includes a scan speed equal to 8, frame averaging of 4, and 512 × 512 resolution (which takes approximately 25.16 s for each scan). We tested these parameters on four-color labeled chick neural crest cells and monitored individual cell movements and intracellular dynamics in intact embryos for up to 3 h. At each time point, we collected a z-stack of confocal images, and we found that the interval between consecutive time points worked best between 3-5 min. This allowed us to capture individual cell's movements while not photobleaching cell cytoskeletal components (see Figure 3 and Supplemental Movie 1 available online at www.BioTechniques.com). Although the time-lapse sessions were relatively short (1-3 h) , the 4-D data sets offer a wealth of data on individual cell intracellular dynamics during local cell-cell and cell-environment contacts ( Figure 3 and Supplemental Movie 1).
In summary, we simultaneously delivered multicolor FP constructs targeted to four subcellular regions in cells in living chick embryos. We focused on fluorescently labeling premigratory neural crest cells, since this subpopulation of cells is accessible to labeling and the cell migratory pathways are visible with confocal imaging. We found that we could four-color label approximately 10% of the total number of fluorescently labeled neural crest cells in a typical embryo. The number of multicolor labeled neural crest cells increases exponentially, such that we obtained a total of 50% single-color labeled cells. To increase the number of FP constructs per cell, it may be necessary to increase the electroporation parameters to allow for a larger number of molecules to flow through electroporation-generated gaps in the cell membranes. Alternatively, mixing up a larger number of FP constructs for microinjection may lead to much less than 10% of multicolor labeled cells, although we did not attempt this experiment. Each of the FP constructs were bright and photostable, but the fluorescence intensity decreased slightly, as expected, when an individual cell was continuously excited for up to 30 min. To complete our initial objectives, we tested the ability to monitor the temporal dynamics of cell intracellular components in multicolor labeled neural crest cells, using our previously developed intact chick embryo culture techniques. We found an optimal set of multispectral 4-D confocal time-lapse imaging parameters for track, frame averaging, scan time, and resolution. We produced good quality four-color, 4-D confocal image stacks of in vivo neural crest cell movements for up to 3 h. Newer constructs (8, 24) that are potentially more photostable and brighter than the ones we examined may help to extend the total 4-D imaging session time and resolution of individual subcellular components. Our hope is that these initial results using chick neural crest cells as a model can be generalized to address questions of tissue shaping and cell guidance in other chick morphogenetic events. Thus, the future is extremely exciting for multispectral 4-D timelapse imaging of cells in intact chick embryos.
